Objectives: Mechanical ventilation with low tidal volumes is recommended for all patients with acute respiratory distress syndrome and may be beneficial to other intubated patients, yet consistent implementation remains difficult to obtain. Using detailed electronic health record data, we examined patterns of tidal volume administration, the effect on clinical outcomes, and alternate metrics for evaluating low tidal volume compliance in clinical practice. Design: Observational cohort study. Setting: Six ICUs in a single hospital system. Patients: Adult patients who received invasive mechanical ventilation more than 12 hours.
I nvasive mechanical ventilation with low tidal volumes is the standard of care for patients with the acute respiratory distress syndrome (ARDS) (1) (2) (3) and may be beneficial to other patients receiving mechanical ventilation (4, 5) . However, multiple recent studies have demonstrated that patients with ARDS do not consistently receive low low tidal volume ventilation (LTVV) despite over 15 years of effort to ensure its adoption into clinical practice (6) (7) (8) (9) .
There remains limited understand of how best to deliver LTVV in clinical practice, and how best to evaluate compliance with this therapy (2, 10) . One approach is to measure the mean tidal volume (Vt) administered to mechanically ventilated patients in an ICU or hospital. However, focusing on the mean alone ignores the potential variation in volumes administered, nor quantifies the duration of high volumes administered to individual patients, which may be more relevant to patient outcomes (11) . Most studies evaluating Vt settings evaluate volumes at one or two points during a day, lacking the granularity to precisely quantify the duration high Vt exposure in individual patients (6, 9, 12) . With the increasing availability of detailed Vt documentation in electronic health records (EHRs), analyzing EHR data may provide new insights into Vt delivery in clinical practice (7, 13, 14) .
We sought to characterize patterns of Vt delivery by examining hourly Vt documentation in the EHR. We hypothesized that despite a low mean Vt, we would identify individual patients exposed to high volumes for prolonged periods, and such exposure would be associated with worse clinical outcomes. We hypothesized that specific clinical and patient characteristics, including a patient's initial Vt setting, would be associated with exposure to prolonged high volumes. Finally, we examined the correlation of mean Vt with alternate measures of low Vt delivery at a system-level.
MATERIALS AND METHODS
This study was approved by the institutional review board at the University of Michigan. We studied hospitalizations of adult patients (age ≥ 18 yr old) who received invasive mechanical ventilation for more than 12 hours in any of six ICUs in a large tertiary care health system in 2016. We excluded patients who received less than 12 hours of mechanical ventilation because they were not at risk for prolonged exposure to high volumes. Set Vt were abstracted from the EHR on volume targeted ventilator modes and observed exhaled Vt were abstracted on pressure targeted ventilator modes. Because our interest was in analyzing Vt primarily determined by ventilator settings rather than patient effort, we limited analysis to Vt recordings on full support modes and excluded pressure support. Further details of the Vt abstraction and validation process are described in the online supplement and eTable 1 (Supplemental Digital Content 1, http://links.lww.com/CCM/E83).
High Vt Exposure
Height was abstracted from the EHR to calculate Vt in mL/kg predicted body weight (PBW) (3). All tidal volumes are reported in PBW throughout the article. For 144 patients (7%) without a height recorded in the nursing flowsheet during the hospitalization, the most recently documented height was used if available (94 patients). The 50 patients without a height documented were excluded (2%). Patients with a height less than 130 cm were excluded because the PBW equation may not apply (15) .
High Vt was defined as documented Vt greater than 8 mL/kg PBW as recorded by a nurse or respiratory therapist. Duration of exposure to high volumes were quantified in two ways. First, the total time patients received Vt were quantified in two ways. First, the total time patients received Vt greater than 8 mL/kg was calculated and patients exposed for 24 hours were identified. Second, to capture the magnitude and duration of high Vt, we defined a new variable, liter-hours greater than 6.5. This variable is analogous to "pack-years" when quantifying smoking history. First, 6.5 is subtracted from each Vt or set to 0 if the Vt is below 6.5. Then, each result is multiplied by the duration of time at that volume. Finally, the products are summed for each patient. For example, a Vt of 8.5 mL/kg PBW for 10 hours is 20 L-hr greater than 6.5. (19) . Chart reviews were performed on subgroup of consecutive patients with a Pao 2 /Fio 2 less than 300 for ARDS by critical care trained physicians using a previously described approach (20) . Liter-hours > 6. 
Clinical Variables

Statistical Analysis
Duration of mechanical ventilation, mean Vt, duration of Vt greater than 8 mL/kg PBW, and Vt liter-hours greater than 6.5 were calculated for the entire cohort, the subgroups of patients with and without moderate to severe hypoxic respiratory failure (Pao 2 /Fio 2 < 200) and patients reviewed for ARDS.
To visualize delivered volumes and transitions during mechanical ventilation, patients were grouped based on Vt ranges (< 6.5, 6.5-8, and > 8 mL/kg) at 12-hour intervals and an Alluvial diagram was created (21, 22) . Multivariable logistic regression models were used to examine the association between high Vt and in-hospital mortality. For all models, hospital mortality was the outcome variable. The primary exposure was either the binary variable Vt greater than 8 mL/kg for 24 hours, the continuous variable liter-hours greater than 6.5, or the patient's mean Vt. Models were adjusted for duration of mechanical ventilation, all demographic and clinical variables above, admission location (emergency department [ED], procedural area, hospital ward, or hospital transfer), and the ICU where care was provided.
A multivariable logistic regression model was also used to examine the association between clinical variables and exposure to 24 hours of Vt greater than 8 mL/kg. In this model, the independent variables included the first set Vt, all demographic and clinical variables above, admission location, and the ICU where care was provided.
For the six individual ICUs, mean Vt among all documented volumes and four alternate measures of low Vt performance were calculated: 1) percentage of patients exposed to volumes greater than 8 mL/kg PBW for 24 hours, 2) mean Vt among the first documented tidal volumes after ICU admission, 3) rate that volumes were decreased when elevated per 100 ventilator days, and 4) rate that volumes were increased when not elevated per 100 ventilator days. Further details are provided in the online supplement (Supplemental Digital Content 1, http://links.lww. com/CCM/E83). Spearman rho was used to quantify to correlation between measures (23).
All analysis was conducted in Stata 14 (College Station, TX) and R (R Foundation for Statistical Computing, Vienna, Austria). Mean Vt in the cohort was 6.8 mL/kg PBW ( Table 1) . However, 40% of patients were exposed to volumes greater than 8 mL/kg for a median duration of 14 hours (IQR, 3-33), and 11% were exposed for more than 24 hours. Half of volumes greater than 8 mL/kg were between 8 and 8.5 mL/kg (eFig. 1, Supplemental Digital Content 1, http://links.lww.com/CCM/E83). Patients exposed to more than 24 total hours of high volumes had a median of 65 (IQR, 45-107) separate high tidal volumes recorded. Mean Vt was lower in patients with hypoxic respiratory failure compared with other patients (6.6 mL/kg vs 7.0 mL/kg; p < 0.01), and lower in patients with ARDS (6.4 vs 6.8 mL/kg; p < 0.01). However, patients with hypoxic respiratory failure and ARDS had longer duration of mechanical ventilation, were more often exposed to volumes greater than 8 mL/kg for 24 hours, and had higher liter-hours greater than 6.5 (Table 1 ; and eTable 2, Supplemental Digital Content 1, http://links.lww.com/CCM/E83).
RESULTS
Tidal
Exposure to volumes greater than 8 mL/kg for 24 total hours was associated with increased hospital mortality ( Table 2 ) in both a model adjusting for duration of mechanical ventilation (odds ratio [OR], 1.51; 95% CI, 1.08-2.11) and a fully adjusted model (OR, 1.82; 95% CI, 1.20-2.78). Adjusted mortality was 28.8% (95% CI, 23.1-34.6%) in patients exposed Vt greater than 8 mL/kg for 24 hours compared with 20.6% (95% CI, 18.9-22.4%) in other patients. Even exposure to greater than 8 mL/kg for 12 hours was also associated with increased mortality (OR, 1.66; 95% CI, 1.15-2.38). Vt liter-hours greater than 6.5 was associated with mortality in adjusted analysis (OR, 1.11/50 L-hr; 95% CI, 1.05-1.17), whereas the patient's mean Vt was not (OR, 0.87/1 mL/kg increase; 95% CI, 0.74-1.02).
Transitions between tidal volumes occurred infrequently for most patients (Fig. 1) . When transitions occurred, they more often occurred during the first 12 hours of mechanical ventilation (19% of patients) compared with later 12-hour periods (7% on average). For patients with volumes greater than 8 mL/kg at mechanical ventilation onset, 27% were lowered by hour 12. For patients with volumes less than 8 mL/kg, 3% were increased to greater than 8 mL/kg by hour 12.
Initial Vt, duration of mechanical ventilation, height, weight, RASS score, and admission from the ED or outside hospital were all independently associated with exposure to Vt greater than 8 mL/kg for 24 hours ( Table 3 ; and eTable 3, Supplemental Digital Content 1, http://links.lww.com/CCM/ E83). In patients with an initial Vt above 8 mL/kg, the adjusted rate of exposure to volumes greater than 8 mL/kg for 24 hours was 21.5% (95% CI, 17.9-25%), whereas the rate was 7.1% (95% CI, 5.8-8.4%) when the initial Vt was less than 8 mL/kg.
There was substantial variation among individual ICUs in alternate measures of low Vt delivery ( Fig. 2; and eTable 4 , Supplemental Digital Content 1, http://links.lww.com/CCM/ E83). In general, ICUs with lower mean Vt also had a lower percentage of patients exposed to volumes greater than 8 mL/kg for 24 hours. Yet, the ICU with the lowest average Vt of 6.4 mL/kg still had 7.4% of patients exposed to Vt greater than 8 mL/kg for 24 hours. Mean Vt was moderately correlated with alternate measures of LTVV (Spearman ρ, 0.38-0.67) (eTable 5, Supplemental Digital Content 1, http://links.lww.com/CCM/E83).
DISCUSSION
In this analysis, we demonstrate how EHR data can be used to evaluate delivery of LVTT in clinical practice and provide novel alternate metrics for improvement. Despite seemingly acceptable mean Vt of 6.8 mL/kg PBW, 11% of patients were exposed to volumes greater than 8 mL/kg for 24 hours, which was associated with increased mortality. Assessing mean Vt alone did not provide a complete picture of compliance with LTVV, nor was mean Vt correlated with hospital mortality at a patient level. Across ICUs, mean Vt was only moderately correlated with alternate EHR derived measures of low Vt delivery, which may offer additional targets for improvement in clinical practice. Although many previous studies have described inadequate delivery of LTVV, the current study was uniquely able to quantify delivered Vt using EHR data and uncover significant deviations in individual patients. The cohort's mean Vt of 6.8 mL/kg was significantly lower than reported in the study of patients at risk for ARDS (7.9 mL/kg PBW) (24) , or the Large observational study to understand the global impact of severe acute respiratory failure (7.6 mL/kg PBW) (6), yet, one in 10 patients in the cohort still received Vt greater than 8 mL/kg for 24 hours. At the institution where this study was performed, mean Vt is regularly audited and reported to respiratory therapy staff and ICU directors and has steadily declined between 2006 and 2016. Our study results highlight the inadequacy of mean Vt as the sole measure for evaluating low Vt delivery. Auditing and providing feedback on these alternate measures will be an important aspect of any quality improvement initiative moving forward (2).
The current study provides additional empirical support for default low Vt settings as a strategy for ensuring LTVV throughout mechanical ventilation (25, 26) . Adjusted rates of exposure to 24 hours of high volumes were three-time higher when initial Vt were above 8 mL/kg PBW compared with below 8 mL/kg PBW. As most Vt changes occurred in the first 12 hours of a ventilator episode, this appears to be a critical window for ensuring patients are placed on low settings if they are initially elevated.
Other factors associated with high Vt included shorter stature, a finding previously described in ARDS patients (27) . Patients presenting from the ED were also more likely to receive higher volumes, consistent with previous findings (9), but the reason why ED patients are more likely to receive high volumes remain unknown and warrants further study. Clinical factors that might lead a clinician to intentionally set Vt higher (e.g., metabolic acidosis, hypercarbic respiratory failure) were not associated with high Vt administration, in contrast to previous research (27) (28) (29) .
At our institution, the EHR automatically calculates PBW in the respiratory flowsheet when height is recorded in the nursing flowsheet during the hospitalization. However, 7% of patients did not have a height recorded, preventing this automatic calculation. Additionally, 2% of patients were excluded from analysis because they lacked any height documentation in the EHR, preventing a PBW calculation and also potentially limiting accurate dosing of certain medicationsanother opportunity for improvement.
Critical to ensuring adoption of any evidenced-based intervention is the ability to identify and measure the core components of the intervention, evaluate the success of an implementation strategy to improve adoption, and evaluate sustained use (30) . For LVTT, detailed EHR data offers a unique window to better dissect its delivery in clinical practice, identify targets for improvement, and design more informed implementation strategies. The percentage of patients exposed to 24 hours of high Vt is potentially more patient-centered because of its association with clinical outcomes. It also inherently identifies a specific group of patients that can be reviewed to inform targeted strategies for improvement. Other measures that may serve as concrete targets include the rate that high volumes were lowered on days they were elevated or the rate that low volumes were increased.
This study is consistent with others showing that low Vt is beneficial in all patients receiving mechanical ventilation, and not just ARDS (4, 5, 12) . Because the current study was observational, it is not proof of a causal relationship and could be biased by unmeasured confounding. However, the effect was unchanged after adjusting for severity of illness, in contrast to many confounded relationships where effect estimates decrease with improved risk adjustment (31) . Additional randomized trials of differing implementation strategies, timing of Vt reviews and feedback, and/or nudges might be useful for confirming these results (2) .
The current study has additional limitations. The analysis was performed at a single tertiary care center which may limit generalizability. However, it included six diverse ICUs (medical, surgical, cardiac, trauma, neurologic, and cardiovascular surgery), with different nursing, respiratory staff, and physicians from different subspecialties. The variation identified across ICUs provided some assurance that the findings are robust. Despite effort to clean and validate EHR data, some errors may remain; if differential, these could introduce bias to some analyses. Because of sparse documentation, ventilator pressures (i.e., plateau pressures, driving pressures) were not evaluated despite their importance in lung protective ventilation, nor could ventilator dyssynchrony be quantified. Peak pressure or the difference between set and observed Vt may serve as reasonable surrogates for these variables but warrant further study. Direct analysis of the ventilator waveform data could also provide even more detail of ventilator management if such data are available (32) .
CONCLUSIONS
Measuring mean Vt alone provided an incomplete picture of LVTT delivery in clinical practice. Future efforts to improve fidelity with LVTT may benefit from examining detailed Vt administration records within the EHR, which can provide an accurate assessment of compliance while informing strategies for improvement.
